I Introduction
At temperatures below 2' K, niobium has challenging potential for use in .
superconducting electron linear accelerator? and rf particle separators. To date, this potential has not been fully realized, although two superconducting liqcs are under construction. 132 Measurements on experimental superconducting cavities 394 have shown that it is possible to obtain very low residual surface resistance values (Rres < 8 X 10 -9 ohms) and reasonably high critical magnetic fields I-cc (P z5 1000 Oe > . However, in order to obtain these "good numbers" with cavities fabricated from commercial electron beam melted niobium, elaborate recipes have been worked out for machining, chemically and/or electrochemically pblishing, ultrahigh vacuum high-temperature outgassing, and/or anodizing.
Most of the treatments in current use are variations of processes developed by
Turneaure and Weissman and Martens, Diepers and Sun. 5
While these processing recipes sometimes yield acceptable values of surface .
resistance and breakdown field, the success rate at SLAC 697 has not been high.
Furthermore, once a cavity exhibits, low rf residual losses, it does not retain this property. Exposure to air causes degradation. In the case of anodized surfaces, even good vacuum (10 -7 Torr) does not prevent degradation. 8
Little information has been developed relating changes in surface chemistry and morphology to variations in the rf superconducting properties of interest.
Halbritter' has proposed a model of surface fissuring which can explain some of the residual loss behavior, and Rabinowitz 10 has derived the correct frequency extent of the processing steps.. In order to minimiz_e "orange peel" and "grain boundary ghosting, " 11 it was necessary to heat the niobium to the highest processing temperatures-to enable large grain growth-before final machining.
Otherwise the original smaller grain boundaries produce etch rifts and this topography can be preserved through many etching and heating cycles.
Grain boundary stepping and channeling can be very pronounced due to both .
-thermal and chemical etching. What effect the observed grain boundary grooves, channels, pits, and steps have remains to be explored. In the one case where a cavity was fabricated from a single crystal 12 very poor results were obtained.
Surface Chemistry
It is known from recent developments with Auger spectroscopy 13' l4 that surface segregation of some impurities occurs when refractory metals are heated. These workers and others 15 have also shown that oxygen persists on . 2. Maximum sample size, 5 cm dia X 8 cm long ( h) 1.3 kg of niobium).
3. Only the sample and its supporting niobium rod get hot, permitting measurement of sample outgassing with minimal extraneous effects.
4. The system is ion-pumped, bakeable, and reaches base pressures of -2 x lo-l1 Torr with the sample cold.
5. With a cavity at temperature (2500' K) for times greater than 40 hours, total pressures of 3 -4 X lo-' Torr can be attained.
A quadrupole mass analyzer permits continuous-monitoring of partial
pressures.
During the course of outgassing and re-outgassing many X-band cavities, the following were noted:
1.
2.
3.
4.
5.
6.
7.
When heating begins, H20, "02, CO, and H2 are evolved.
H2 is the dominant species evolved between 700' and 1800' K, with pe?king occurring around 1500' K.
CF transients are observed to occur between 1000° and 1200' K. This is undoubtedly the way the fluorine is removed from the surface and grain boundaries.
Above 1500' K, CO evolution becomes significant. However, CO usually falls to low levels ( < 10 -9 Torr) after minutes above 2000' K.
Above 1800' K, N2 is the dominant species and remains so for days at 2500' K.
H2 persists at the 10 -9 Torr level when the sample is at 2500' K, probably due'to other sources including E-I2 -N2 surface exchange react ions.
Finally, and most important for the present argument, when cavities were re-outgassed following exposure to ambient conditions, no decrease in the total amount of hydrogen evolved was noticed, although CO and N2 evolution was significantly reduced for successive outgassings. In fact, sometimes the hydrogen load appeared greater on second, third, or fourth heating following atmospheric exposure. Bulk chemical analysis of niobium samples before and after outgassing at 2300' K confirmed the above observations.
Carbon was reduced from 0.023 to 0.015 atom percent, N was reduced from 0.028 to 0.015 atom percent, oxygen was reduced from 0.040 to 0.023 atom percent, whereas hydrogen showed an increase from 0.033 to 0.035 atom percent. , Hydrogen Indictment
The excellent review paper by Chandler and Walter 19 shows the literature on the niobium-hydrogen system to be disparate, especially with regard to adsorption, desorption, solubility, and diffusion rates at low temperatures. All investigators have noted the profound effects of gas purity and surface condition , on all these rate processes. rates at the lowest temperature were steadily higher.
Crude preliminary measurements were made at SLAC wherein a cylinder of niobium ( -700 grams) was outgassed in the induction furnace for 17 hours at 2400' K (a typical X-band cavity cycle). Following cooldown to room temperature, the chamber was let up to hydrogen at 0.2 Torr. By measuring the change in pressure over 24 hours, some estimates of uptake (C -0.05 atom percent) and early sticking probability (S -0.03) were made. Chemical analysis performed somewhat later showed the hydrogen concentration to be 0.08 atom percent. Following this hydrogen treatment, the cylinder was measured for changes in normal state resistivity ratio p 3ooo K/p4 2. K by an induction method. 21 The outgassed-hydrogen-0 exposed cylinder showed an increase in resistivity ratio approximating that to be expected from the outgassing treatment alone, which suggested that the hydrogen taken up may be concentrated near the surface and not diffused very deeply in the bulk. This conclusion is supported by the fact that the critical magnetic field Viet25 made the observation that when large gas bursts were noted when "pinching off" experimental niobium cavities, high rf superconducting surface resistances were obtained. Although no residual gas analyses were performed, it is probable that hydrogen was released during the pinch-off operation.
OakwoLd and D,aniels' 6 found that chemical etching greatly reduced the sorption of hydrogen. This may explain why cavities tested immediately aft.er etching yield m.oderately low surface resistance values.
Cavity preparation by chemical etching, followed by heating to high temperature's -2400' K in ultrahigh vacuum, is celiain to produce the most hydrogenavid surface. Furthermore, "letting up to, " transierring, and assembling in nitrogen-because it is not chemisorbed-does not provide a barrier to the more active gases which eventually react with the surface. Due to the ubiquitous nature of hydrogen, i.e., present in the atmosphere ( -4 x 10 -4 Torr) produced in reaction with water and usually the dominant residual gas in vacuum chambers, it is extremely difficult to prevent hydrogen exposure. Therefore, some method must be used to prevent the niobium surface from sorbing hydrogen. In addition, instead of trying to prevent oxygen exposure of processed cavities, one might try to let up to pure oxygen and let the pure oxide form, 29 which is known to be a barrier to hydrogen in the case of zirconium oxide. ' Most of the foregoing is speculation; the critical experiments remain, and will be done in the near future.
